Pure spin-current generated by reflection at a normal metal |2DEG interface 
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The concept of a spin-current is a useful tool in understanding spin-transport in hybrid systems, but its very def- 
inition is problematic in systems where spin-orbit coupling effects are strong. In the absence of spin-dependent 
scattering, the spin-current remains well-defined. We here propose a method for generating pure spin-currents in 
a normal metal where the spin-current consequently does not suffer from the aforementioned problems pertain- 
ing to its very definition or spin-relaxation processes. More specifically, we show how an unpolarized incident 
charge-current can induce a pure transverse spin-current by means of scattering at a normal metal|2DEG inter- 
face. This occurs for both Rashba and Dresselhaus spin-orbit coupling. An experimental setup for observation 
of this effect is proposed. 

PACS numbers: 



I. INTRODUCTION 

The study of spin-transport in hybrid systems with mag- 
netic elements is of crucial importance both in order to un- 
derstand the basic physics of spin-transport and to find new 
functional devices emerging from fundamental research' ^. In 
this context, the idea of a spin-current is a natural extension of 
the traditional charge-current, and is a heavily employed tool 
in the characterization of spin transport. The most straight- 
forward definition of a spin-current is, in analogy with the 
charge-current, simply the spin carried by a particle times its 
velocity. However, there are subtleties associated with this 
definition, in particular when spin-orbit coupling is present in 
the system^ To illustrate this point, consider the general 
continuity equation for spin density S: 



(1) 



Here, is the spin-current whereas T represents a spin- 
sink/source term that causes to be non-conserved. For in- 
stance, the effect of spin-transfer torque, where a spin-current 
is absorbed by a magnetic order parameter, may be incorpo- 
rated into T. The term 'T will in general be present in systems 
where the spin operator does not commute with the Hamilto- 
nian. Now, the problem with the above equation is that one 
may absorb a portion, or in fact the entirety, of T into the 
definition of the spin-current by writing T = — V • P, which 
holds for systems where the average spin torque density van- 
ishes in the bulk. The continuity equation then takes the form 
^ + V • j'g = 0, rendering the spin-current j'g ~ js+P to be 
a conserved quantity, as opposed to j^. Therefore, there is an 
inherent ambiguity in the spin-current since one may define it 
in an arbitrary way by combining elements of jg and T. At 
the same time, it is clear that in a normal metallic region with- 
out any spin-sink/source term, the conventional definition of 
the spin-current serves well and is conserved. This fact will 
feature prominently below. 

The influence of spin-orbit coupling on a spin-current is ac- 
companied by welcomed as well as troublesome effects. On 
the one hand, the influence is beneficial in the sense that it of- 
fers a way of manipulating the spin-current of a system due 



to the coupling between the spin of the charge-caiTiers and an 
electric field. On the other hand, it is disadvantageous since 
it breaks conservation of spin and renders it a poor quantum 
number. It would be highly desirable to find a way of utiliz- 
ing the first aspect of spin-orbit coupling and at the same time 
circumvent the difficulty associated with the latter Here, we 
propose a way to achieve precisely this. 

The experimental setup we have in mind is shown in Fig. 
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FIG. 1: (Color online) A current bias is applied to a trilayer con- 
sisting of a polarizing ferromagnet, a normal metal, and finally a 
material with spin-orbit coupling, e.g. a 2DEG. Due to reflection at 
the second interface bordering on the material with spin-orbit cou- 
pling, transverse charge- and spin-currents are induced in the normal 
metal region. The magnetization in the polarizing ferromagnet is 
misaligned an angle (|) from the z-axis, while the angle of incidence 
is denoted 0. If the incident current is unpolarized, i.e. without the 
polarizing ferromagnet, a pure transverse spin-current is generated 
by means of spin-reflection off the barrier. 
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1. We assume that a charge-current, which may or may not 
be spin-polarized, flows into a normal metallic region that is 
sandwiched between the polarizing ferromagnet and a mate- 
rial with strong spin-orbit coupling, e.g. a two-dimensional 
electron gas (2DEG). It should be noted that real ferromag- 
nets do not act as perfect spin-polarizers, but it is nevertheless 
instructive to consider how the transport of charge and spin 
is influenced by a polarization of the incident current, simi- 
larly to Ref.^^ in the context of spin-transfer torque. As we 
shall see, the most interesting effects occur when the incident 
current is unpolarized, rendering the spin-polarizer obsolete. 
The chief motivation for including the polarizer is thus simply 
to gain a physical understanding of how the spin-polarization 
interacts with the spin-orbit coupling present in the 2DEG re- 
gion. 



II. THEORY 

To address the above findings in a quantitative way, we em- 
ploy a scattering matrix approach and calculate the resulting 
charge- and spin-currents in the system when a current bias 
is applied in the jc-direction. The spin-current is in general a 
tensor since it has a direction of flow in real-space and a po- 
larization in spin-space. In the normal metal (N) region, we 
may write 



75 = Im{\|/V ® av/} / (2mN ) , 



(2) 



where is the tensor product between the gradient operator 
and the spin operator In order to evaluate the spin-current, we 
need to construct the scattering states partaking in the trans- 
port processes. The quasiparticle states are obtained by solv- 
ing the matrix equation which diagonalizes the Hamiltonian, 
namely: 



Although this setup is certainly simple, it offers some 
highly interesting possibilities with regard to the spin-currents 
flowing in the system. The crucial aspect is the scattering tak- 
ing place at the interface between the normal region and the 
region with spin-orbit coupling. We will show how the scat- 
tering stemming from the spin-orbit coupling generates trans- 
verse currents flowing in the normal region. Since these cur- 
rents flow in the normal region, they are not subject to the 
difficulties associated with either the definition of the spin- 
current or the spin relaxation length hampered by spin-orbit 
coupling. Moreover, we find that these currents are highly 
sensitive to the spin orientation of the incoming current, i.e. 
the polarization direction (|) in the ferromagnet. In fact, the 
transverse charge-current vanishes completely when (|) = 7t/2 
for a Rashba-type spin-orbit coupling, regardless of the other 
parameters in the problem. The transverse spin-current, how- 
ever, remains non-zero. Interestingly, we find that for both 
Rashba and Dresselhaus spin-orbit coupling, a pure trans- 
verse spin-current is generated in the normal metal when 
the incident current is completely unpolarized, i.e. without 
the polarizing ferromagnet in Fig. [T] This suggests that 
the charge- and spin-reflected currents induced in the normal 
metal region benefit from three major advantages: (i) the spin- 
current is conserved and its definition is unambiguous, (ii) the 
spin relaxation length is not influenced by spin-orbit coupling 
since it is absent in the normal region, and (iii) the charge- 
and spin-currents may be controlled in a well-defined way 
simply by adjusting the magnetization direction of the polar- 
izing ferromagnet. Thus, the environment where the charge- 
and spin-currents of interest propagate (normal metal region) 
is non-hostile towards spin, while the control parameters tun- 
ing these currents are located in a different part of the system 
(the ferromagnet and the material with spin-orbit coupling) 
than where the actual currents propagate. This greatly facili- 
tates the opportunity to exert control over the spin-current. It 
should be mentioned that in the context of mesoscopic spin- 
tronics, it is in general desirable and thus routine to consider 
leads without spin-orbit coupling in order to characterize spin 
transport in an unproblematic way. 



[Hq{x) - h{x)a^ + a{x) {kyOx - ^.v^,.)]i|/ = 8\(/, 



(3) 



with Ho = [k^ /{2m{x)) — The effective electron mass 
m{x) is assumed to be different in the normal metal and 2DEG 
regions. We have here taken into account the possibility of a 
magnetization in the region with spin-orbit coupling, assum- 
ing that it points along the z-direction. The following deriva- 
tions are made under the assumption of a spin-orbit coupling 
of the Rashba-type [as employed in Eq. ([3]l], but the proce- 
dure is identical for a Dresselhaus-type Hamiltonian where the 
spin-orbit coupling term reads a.{kyOy — kxC x). Similar Hamil- 
tonians were considered also in Refs.EEl In order to gain 
some basic understanding of the role of spin-orbit coupling in 
our setup, we consider a N|2DEG junction with an incident 
spin-current at Fermi level from the N side. The interface is 
located at jc = 0, and hence h{x) = h&{x), a{x) — a©(x), with 
&{x) the Heaviside step function. The incident spin-current 
is assumed to be polarized in the y — z-plane with an angle (|) 
relative to the z-axis. Solving for the eigenvalues and eigen- 
vectors of Eq. (|3]l, we obtain the following wavefunctions: 



¥n = 



(4) 



on the N side. It should be noted that considering both inci- 
dent waves with (|) = and (|) = 7t effectively gives an unpo- 
larized incident current, which we shall comment on later. On 
the 2DEG side, we have: 



V2DEG = 



ti^9{^ 



(5) 



Above, we have defined c = cos((|)/2), s = sin((|)/2), and kQ = 
kf cos 0, where kf = -^2mN/JN is the Fermi wavevector on the 
N side and 9 is the angle of incidence. We have introduced 
the quantities 



'kjsm^Q, 



(6) 
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FIG. 2: (Color online) Plot of the induced transverse charge- and spin-currents flowing parallel to the barrier in the normal metal region. We 
have set a = 1 X 10^^ and assumed a Rashba-type spin-orbit coupling. For t^/n = 0.5, the transverse charge-current vanishes, which makes it 
possible to obtain a pure spin-current signal by controlling the magnetization direction of the polarizing ferromagnet. The transverse charge- 
current also vanishes when the incident current is unpolarized, i.e. a superposition of (|) = and (]) = 71. This can be verified directly from the 
figure. Note that the curves for angles (|) and (jt — (|)) are degenerate for the x- and z-polarizations of the spin-current. 



in addition to = (1 + |mo|)"'/^ and 



= [2m2DEGA'2DEG + 2m2DEG«^ 

_ aa{ky - lok^) 

(7) 



All wave-functions are normalized to unity. For angles of in- 
cidence that satisfy sin9 > k° /kp, the transmitted electrons 
become evanescent. To ensure their decay in the 2DEG re- 
gion, one should then set k'^ — Re{A:^} + i|Im{A:°}|. The scat- 
tering coefficients {ro,fo} are obtained by using the boundary 



conditions at the interface: 

[rm^x^2-DUG{x,y) -'dx^^{x,y)]\x=[) = fi\|/N(0,y), 

¥n(0,3') = V2deg(0,3'), ft = (2;7inVo1 +WNaidv). 

(8) 

Above, r„, — inj^ /m2DEG denotes the ratio of the electron 
masses in the N and 2DEG regions. Employing the notation 
of Blonder- Tinkham-Klapwijk theory we define the dimen- 
sionless parameter Z — 2m^Vo/kf to characterize the inter- 
face transparency. The higher the value of Z, the stronger 
the interface barrier potential. An ideal interface is charac- 
terized by Z = 0. The actual barrier potential is modeled as a 
delta-function and is proportional to Vq- Note that the bound- 
ary conditions properly take into account the off-diagonal el- 
ements in the velocity operator, as demanded in the presence 
of spin-orbit coupling'"*. The transverse charge-current jg and 
spin-current jg — {j'l,fg,jl) are finally obtained by integrat- 
ing over all angles of incidence. Introducing a generalized 
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FIG. 3: (Color online) The transverse currents evaluated at x/Xf = 
— 1.0 as a function of the spin-orbit coupling strength a for Rashba- 
type spin-orbit coupling. In all cases, the magnitude of the current 
increases with a. 

current-vector j = UqjJs) and X — (l,d/2), we may write 
the transverse current as 

rTl/2 

y= / deim{v^8vW}/mN. (9) 

J-n/2 

Let us underline here that Eq. (j9]) naturally accounts for the 
contribution from different angles of incidence to the trans- 
verse current. In Eq. (j9jl, the derivation operator dy brings 
a factor sin 9 to the integrand which thus ensures that angles 
of incidence close to ±7t/2 contribute strongly to the trans- 
verse current, as they should. If we had been concerned with 
the spin-current flowing perpendicular to the barrier, the re- 
placement dy would have been made, leading to a factor 
of COS0 as usual in that case. In principle, one could also 
insert a weight-factor /(9) inside the integrand of Eq. ^ 
which models a statistical distribution of the incoming parti- 
cles. If the experimental geometry dictates that the incident 
quasiparticles are collimated near 9 = 0, one could use e.g. 
/(9) = cos 9. We have checked explicitly that our results un- 
dergo only a minor quantitative change when including such 
a weight-factor, and we here restrict our attention to the case 
without any such statistical distribution /(9). 

III. RESULTS 

Let us now discuss our choice of parameters for the phys- 
ical quantities entering the model. Unless specifically stated 
otherwise, the figures are obtained using the parameter values 
below. We have distinguished between the electron masses 
and Fermi levels in the N and 2DEG region, as these differ 
greatly in realistic samples. In the normal metal region, we 



use /7N = 5 eV and the electron mass myi = 0.51 MeV. In the 
2DEG region, we set /J2deg = 50 meV with an effective elec- 
tron mass m2DEG = O.lmN, i.e. r„, = 10. We set the spin-orbit 
coupling parameter to a = 1 x 10^^ to model a typical value 
for a semiconductoi"^. We have investigated numerically the 
influence of the exchange field in the 2DEG region, and found 
only minor quantitative changes in the results for values up to 
h/^i2DEG = 0.5. Therefore, we shall here focus on the case of 
a 2DEG without magnetization, i.e. set /i = and consider 
solely the effect of spin-orbit coupling. To model interface 
resistance, we set Z = Imj^iVo/kp = 3 as a reasonable mea- 
sure for a rather low transmissivity interface. The angularly 
resolved transmission coefficient T{Q) is related to the barrier 
parameter Z as r(9) = 4cos^9/(4cos^9 +Z^). The Fermi- 
vector mismatch above may in principle be incorporated into 
a renormalized barrier potential Z — > Z' with Z' > Z, thus low- 
ering the transmissivity^^. 



A. Rashba spin-orbit coupling 

We first investigate the transverse charge- and spin-currents 
flowing in the ^'-direction when a current-bias is applied to 
the junction, using Eq. (|9]l with a Rashba-type spin-orbit cou- 
pling. The result is shown in Fig. |2] for several misorienta- 
tion angles (|) of the incident current. As seen, the presence of 
spin-orbit coupling induces non-zero transverse charge- and 
spin-currents in the normal region. The charge-current van- 
ishes at (^/k = 0.5 or if the incident current is completely 
unpolarized (i.e. a superposition of (|) = and (|) — k). This 
suggests a remarkable effect: simply by rotating the magneti- 
zation in the polarizing ferromagnet relative to the spin-orbit 
coupling vector that resides in the xy-plane, it is possible to 
tune the charge- and spin-currents in the normal metal region, 
and in particular one can obtain a pure spin-current signal for 
^/n = 0.5. Both the charge- and spin-currents display oscil- 
lations and decay to a constant, in general non-zero value in 
the bulk of the normal metal region. The oscillations appear 
as a result of interference terms of the type Re{r|e^^'*^e'^} and 
lm{r^s^^'^^-'''} generated when inserting the wavefunction Eq. 
Q into Eq. From these expressions, it is seen that as 
|x| grows, the exponent varies more rapidly with 9, such that 
the angular averaging in Eq. (j9|l eventually completely can- 
cels out the x-dependent terms giving rise to the oscillations. 
The magnitude of the oscillations are therefore the strongest 
closest to the barrier {x/Xp —^0^). An important observation 
is that these transverse currents are not subject to the inher- 
ent problem with spin-orbit coupling related to the definition 
of the spin-current or spin-relaxation processes. We proceed 
to show that increasing spin-orbit coupling induces a stronger 
spin-reflected current, as depicted in Fig. [3] In all cases, the 
magnitude of the current increases with a. 

From Fig. |2] we see that the charge current satisfies jQ{(^) = 
—jQ{K — (|)). The exact expressions for the reflection coeffi- 
cients are too unwieldy to permit an analytical expression for 
jgi*^) through solving Eq. ^ by hand, but numerically we 
find that y'g((|)) °^ cos ((])). As a result, it follows that for an in- 
cident current which is unpolarized, i.e. by removing the po- 
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FIG. 4: (Color online) Plot of the induced transverse charge- and spin-currents flowing parallel to the barrier in the normal metal region for a 
Dresselhaus-type spin-orbit coupling. The transverse charge-currents no longer vanishes at (|)/7l = 0.5, but for an unpolarized incident current 
(superposition of (]) = and (]) = ir), the transverse charge-current is absent just as in the Rashba-case. 



larizing ferromagnet, a pure transverse spin-current may again 
be generated. We remind the reader that an unpolarized inci- 
dent current can be thought of as a superposition of an inci- 
dent (|) = and (|) = 7t wave which leads to a total transverse 
charge-current: 



(10) 



The result is therefore a pure transverse spin-current. Effec- 
tively, this amounts to a conversion from a pure charge-current 
flowing in the jc-direction to a pure spin-current flowing in the 
y-direction. Whereas such a scenario is also found inside a 
2DEG subject to the spin-Hall effect, an important difference 
from our results is that in that case, the spin-current flows in 
the region where spin-orbit coupling effects are strong. There- 
fore, both the definition of the spin-current and its relaxation 
length become problematic. In our case, both of these issues 
are eluded since the spin-current flows in a normal metal re- 
gion by means of reflection off a barrier in the presence of 
spin-orbit coupling. The vanishing of the transverse charge- 
current is understood by realizing that an injected unpolar- 
ized charge-current may be viewed as a coherent superposi- 
tion of spin-t and spin-^ electrons with equal weight. The 



two contributions are scattered in opposite directions due to 
the spin-orbit coupling,'^ and thus the net charge-current van- 
ishes whereas the spin-current is non-zero. 



B. Dresselhaus spin-orbit coupling 

Let us also briefly investigate how the transverse charge- 
and spin-currents flowing in the y-direction are influenced by 
a Dresselhaus-type spin-orbit coupling in the 2DEG region, 
in contrast to the Rashba-case treated in the previous section. 
In Fig. [4] we plot the transverse charge- and spin-currents 
flowing along the barrier Due to the different structure of the 
Dresselhaus spin-orbit coupling compared to the Rashba-type, 
the X- and y-polarizations of the spin-current change roles. 
For the Dresselhaus-type, both the y- and z-polarization of the 
spin-current are insensitive to a variation in (|). Similarly to the 
Rashba case, however, the magnitude of the transverse cur- 
rents all increase with a as shown in Fig. [5] It should be 
noted that the x-polarization of the spin-current does not van- 
ish completely at (|)/7t = 0.5: it is simply strongly suppressed 
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FIG. 5: (Color online) The transverse currents evaluated at x/Xf = 
— 1.0 as a function of the spin-orbit coupling strength a for 
Dresselhaus-type spin-orbit coupling. In all cases, the magnitude of 
the current increases with a. 



compared to the other values of (|). 



IV. DISCUSSION 



currents are plotted in Fig. |7] as a function of angle of in- 
cidence for a Rashba-type spin-orbit coupling, being evalu- 
ated at x/Xp = —1.0. We here focus on the most interest- 
ing case (Sf/iz = 0.5. As seen, both the charge-current and the 
y-polarization of the spin-current are antisymmetric around 
9 = 0, leading to a vanishing net current upon performing the 
angular integration. In contrast, the x- and z-polarizations of 
the spin-current are symmetric around 9 = 0, yielding a net 
contribution to the total current. The specific form of the spin- 
orbit coupling potential should also influence the symmetry 
properties. In Fig. |7] we have used a standard Rashba-form 
with Hsoc = OL{kyax — kxOy). In the case of a Dresselhaus- 
form ^soc — Oc(^v^y — kxdx), one would expect that the x- 
and y-polarization of the spin-current would interchange their 
symmetry properties since the two Hamiltonians are related 
by the substitution d.v 6,,. This picture is verified by com- 
paring the X- and y-polarizations of the spin-current in Fig. |2] 
with Fig. [4] The transverse charge-current nevertheless re- 
mains zero in both cases for an incident unpolarized current. 
We comment more on the role of adding a Dresselhaus term to 
H later in this section. Finally, we note that the oscillations of 
the cuiTents in Fig. [Tjincrease in rapidity as |x| increases, i.e. 
farther inside the N region. The reason for this is the previ- 
ously mentioned interference terms of the type Re{r|e^^'*^9^} 
and Im{r|e^^'*^eTj. jjj ^jjg expression for the current. 

The assumption of ballistic transport and a sharp inter- 
face at the N|2DEG region is certainly an approximation to 
real systems where the 2DEG is often not characterized by 
the ballistic regime due to impurity scattering, e.g. in InAs. 
Increased impurity scattering randomizes the momentum of 
scattered particles, which is detrimental to wavefunctions that 



The results presented in this paper suggest a method for 
obtaining a conversion from charge- to spin-currents. The 
method we propose exploits the possibility of manipulating 
the current by means of spin-orbit coupling, whereas it at the 
same time renders the spin-current immune towards the com- 
plicating and adverse effects of spin-orbit coupling with re- 
gard to relaxation processes and the very definition of a spin- 
cuiTent. In order to observe the transverse charge-spin current 
separation, one would need to find a way to probe the presence 
of a spin-flow in the transverse direction. This could in princi- 
ple be achieved by measuring for instance spin accumulation 
at the edge of the normal metal wire with optical techniqud2EI 

Above, we kept the interface barrier potential fixed at Z = 3, 
corresponding to a transmission coefficient of about T ~ 0.3 
for normal incidence. To demonstrate that our results remain 
qualitatively unaltered upon varing the barrier potential Z, we 
plot in Fig. |6]the transverse spin-currents for an incident cur- 
rent with (|) = n/2. For a Rashba-type spin-orbit coupling, this 
is equivalent to the vanishing of transverse charge current, as 
seen in e.g. Fig. [2] The role of the barrier potential Z is seen 
in Fig. |6]to simply reduce the magnitude of the spin-current, 
and does not influence the results qualitatively. 

It is also instructive to consider the angularly resolved trans- 
verse currents in order to understand the scattering processes 
on a more microscopic level. The transverse charge- and spin- 
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FIG. 6: (Color online) The transverse spin-currents and /J as a 
function of the spatial distance x/Xf penetrated into the normal metal 
region for Rashba-type spin-orbit coupling. We have here set (|)/jr = 
0.5 and considered several barrier strengths Z. 
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FIG. 7: (Color online) The angularly resolved transverse charge and spin-currents evaluated alx/Xf = —1.0 in the normal metal region for a 
Rashba-type spin-orbit coupling. We have here set ^/n = 0.5. 



are highly sensitive to the orientation of the momentum on the 
Fermi surface. Rashba spin-orbit coupHng can be interpreted 
as a wave vector-dependent Zeeman field that is altered dra- 
matically when an electron scatters from one momentum ori- 
entation to another, even if the magnitude of the momentum 
remains the same. This type of scattering effectively random- 
izes the electron spin. 

To show that the possibility of obtaining pure trans- 
verse spin-currents persists even in the nonballistic transport- 
regime, we consider a situation where both Rashba and Dres- 
selhaus spin-orbit coupling are present and tuned to be of 
equal magnitude by means of proper gating, as discussed in 
Refs.'^ 17 Yw this case, the scattering eigenvectors are inde- 
pendent of momentum, and thus survive angular averaging 
over the Fermi surface in the presence of non-magnetic im- 
purities. To see this, consider the Hamiltonian 

H = Hq + afi(^vOx - fexa,.) + aoikyOy - h&x), (1 1) 

where and represent the spin-orbit coupling interaction 
parameter of Rashba and Dresselhaus type, respectively. In 
the case where these are equal, a/; = ao = a, one obtains the 
eigenvalues 

^±^k^/{2m)~H±^/2a{ky-k^), (12) 
with belonging eigenvectors 

The above wavefunctions are not sensitive to the direction 
of momentum. In contrast, the wavefunctions in Eq. (j5]l where 
a pure Rashba spin-orbit coupling was used are strongly de- 
pendent on the momentum orientation due to the factors. In 
the present case of combined Rashba + Dresselhaus spin-orbit 
coupling, the transverse currents scattered off the barrier are 
obtained using a similar framework as described previously. 
Considering an injected unpolarized current, we find that the 
transverse charge-current again vanishes whereas the x- and y- 
components of the spin-current remain. Thus, the method of 
generating pure spin-currents suggested here should display 
robustness against impurity effects, although a more careful 
investigation of this matter certainly is warranted. 



Some previous works have also investigated spin- 
dependent scattering in hybrid structures in the presence of 
spin-orbit coupling'^ as a possible mean of obtaining con- 
trollable spin-currents. In contrast to our results, however, 
the spin-currents obtained in these works suffer from all the 
problems related to spin-currents that we have elaborated on 
previously, since the spin-current flows in the 2DEG-region. 
We emphasize that we have demonstrated the possibility of 
having a transverse, dissipationless spin-currenP^ in the ab- 
sence of any accompanying charge-current. The charge-spin 
current separation could also find potential use as a spin-filter 
Spin-filtering effects in spin-orbit coupled systems by selec- 
tive angular beam injection have been discussed previously 
in Ref However, in previous discussions it has transpired 
that any net spin-current vanishes when taking into account 
all possible angles of incidence. In our case, the spin-current 
survives the averaging and is thus easier to access experimen- 
tally since angular filtering is a much more difficult task in 
quantum electronics than in, for instance, optics. 

V. SUMMARY 

In summary, we have investigated the transport of charge 
and spin in a normal metal|2DEG junction, taking into ac- 
count a spin-polarization of the incident current and a mag- 
netic exchange energy in the 2DEG region. We find that it 
is possible to obtain a conversion from a pure charge-current 
to a pure spin-current simply by reflection off the barrier sep- 
arating the normal and 2DEG region. More specifically, an 
incident unpolarized charge-current flowing towards the bar- 
rier is converted into a pure transverse spin-current flowing 
parallel to the barrier due to spin-dependent scattering off 
the barrier induced by the spin-orbit coupling. We empha- 
size that the spin-current flowing in the normal metal region 
is unambiguously defined and also rendered insensitive to 
the adverse spin-relaxation effects accompanying spin-orbit 
coupling. The method we propose to generate a pure spin- 
current in fact utilizes the desirable properties of spin-orbit 
coupling for facilitated control over spin-transport while si- 
multaneously avoiding the complicating effects of spin-orbit 
coupling pertaining to the definition of the spin-current and 
spin-relaxation. Moreover, we have studied how the trans- 
verse charge- and spin-currents can be controlled by spin- 
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polarizing the incident current. It is found that it is possible to 
tune the transverse charge-current to zero simply by rotating 
the magnetization of the polarizing ferromagnet, thus leaving 
a pure spin-current flowing parallel to the barrier Our results 
may open up new perspectives for the generation and control 
over pure spin-currents. 
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Appendix A: Spin-density continuity equation 

We here briefly outline the derivation of the continuity 
equation of the spin-density, setting h = c = 1 . We consider 
the generic Hamiltonian 

2m 

Hsoc =Aip)a^ -Bip)ay, Hpu = -a h, (Al) 

with V{x) containing all potential energy terms. Defining the 
spin-density as 

S = (A2) 



where s = a/2, we obtain 

idrS = i[i(H\\t)H\\t-i\\t''sH\\t] = lilmixit^Hxit} (A3) 

by means of the Schrodinger equation = H\\t. Making 
use of the above equations, we obtain 

d,S + V-js^ Tsoc + %M , (A4) 

where is the conventional spin-current 

j's = ImlV V (8) a\\i} I (2m) . ( A5) 

Moreover, we have defined 

Tsoc = Im{\|/'^d^soc¥}, %m = Re{x|/^(d x h)\\f}. (A6) 

In particular, the term Ifm may be interpreted as a spin- 
transfer torque to the magnetic order parameter, leading to a 
non-conserved spin-current even in the absence of spin-orbit 
coupling. The above treatment is valid both for Rasbha- and 
Dresselhaus-type spin-orbit coupling. 
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